Eusocial insects owe their ecological success to the division of labour and processes within colonies 26 often rely on the presence of specific microbial symbionts, but associations between microbial 27 community compositions and castes with different tasks and diets within colonies remain largely 28 unexplored. Fungus-growing termites evolved to use fungi to externally degrade plant material, 29
Introduction 49
Division of labour is a cornerstone in eusocial insects (ants, termites, and a number of wasps and 50 bees). Eusocial insect communities are formed of sterile and reproductive castes, with members of 51 the worker force often being specialised into morphological castes (workers and soldiers) 52 2013). Filtered sequences were aligned against the manually curated database DictDb 3.0 152 (Mikaelyan et al., 2015b) . Alignments were assigned to taxa with a confidence threshold of 80%, 153 and operational taxonomic units (OTUs) were calculated at 3% species level classification. To 154 compare alpha and beta diversity among groups, we performed a second round of analyses on the 155 combined samples using essentially the same settings in mothur. Finally, dada2 was used to analyse 156 the two datasets (sterile and royal) separate and merged, following the SOP 157 https://benjjneb.github.io/dada2/tutorial.html page. This allowed us to use an alternative approach to 158 analyse the data with a different output (Amplicon Sequence Variants which are similar to unique 159 sequences in mothur) and a more aggressive filtering approach. Rarefaction curves using the 97% 160 sequence similarity-generated OTUs (or the unique ASVs from the dada2 analysis) were 161 constructed in R (R Core Team 2013). 162 163
Analyses of caste gut microbiota composition 164
Two ordination analyses based on Bray-Curtis distances were performed in R to determine 165 compositional similarities between sterile caste gut communities and between royal pair gut 166 communities and visualised using PCoA (Principal Coordinates Analysis) and hierarchical 167 clustering dendrograms, respectively. Analysis of molecular variance (AMOVA) was performed 168 using R scripts implemented in Mothur (R Core Team 2013) to test whether distantly clustered 169 microbial communities were significantly different (Excoffier et al., 1992) . To visualise the OTUs 170 that contributed the most to gut community differences, bacterial taxa that based on PCoA loading 171 values explained most of the dissimilarities between microbiotas, and that cumulatively accounted 172 for >70% of the mean total abundance per community, were plotted as ternary plots in R. Scientific, Bellingham, WA), sections were deparaffinised in methylcyclohexane and air-dried. An 207 extra lysozyme (1 mg/ml) in 0.01 M Tris-HCl buffer (pH 8), 0.005M EDTA treatment was 208 performed at 37°C for 5 min to permeabilise Gram-positive bacteria (Firmicutes) followed by 209 washing with PBS. Samples were then incubated with 0.1 mg/ml pepsin in 0.01N hydrochloric acid 210 for 10 min at 37°C and washed with PBS. For hybridisation, we used the protocol described 211 previously (Koga et al., 2009). All probe sequences are listed in Supplementary Table S7 . The 212 affinities probes were checked using the R "compute.affinities" function (R Core Team 2013). 213
Universal bacterial probe EUB388 was used simultaneously with specific probes as a positive 214 control, and the reverse EUB388 (nonEUB388) probe was used as a negative control 215 ( Supplementary Table S7 ; Supplementary Figure S4 ). No bacterial signal was detected with the 216 negative probes (Supplementary Figure S4 ). Samples were incubated at room temperature for 217 hybridisation with all probes except SPIRO1400, which was hybridised at 35°C. After being 218 thoroughly washed with PBS-TX buffer (PBS, 0.3% TritonX-100), samples were mounted in 219
Vectashield medium with DAPI (Vector Laboratories Ltd., Peterborough, UK) and observed by 220 confocal microscopy (LSM 700, Zeiss). 221 222
Enzyme activities of sterile caste gut communities 223
To determine differences in gut enzyme capacities across different termite castes, we used sterile 224 caste samples from six colonies of M. natalensis, three colonies of Odontotermes sp., and three 225 colonies of O. cf. badius. Seventeen azurine-crosslinked (AZCL) substrates were used, and 226 screening media were prepared using 0.1g/l of AZCL substrates in agarose (1% agarose, 23 mM 227 phosphoric acid, 23 mM acetic acid, 23 mM boric acid). The pH was adjusted for each substrate 228 according to the manufacturer's instructions (Megazyme, Bray, Ireland). Briefly, 100 mg of each 229 sample (ca. 20 termite guts) was crushed with a pestle in a 1.5 Eppendorf tube containing 1000 µl 230 distilled water followed by vortexing and centrifugation (15 000 x g). Supernatants were retrieved 231 and applied to AZCL assay plate wells (ca. 0.1 cm 2 ) in triplicate technical replicates. After 22-24 h 232 incubation at 25°C, plates were photographed, and enzyme activity quantified by measuring the 233 halo areas around the wells using ImageJ ver. 1.6.0. A PCoA analysis based on Bray-Curtis 234 distances was performed in R (R core team). To test whether PCoA clustering of gut enzymatic 235 capacities were significant, one-way PERMANOVA analysis was performed between caste clusters 236 using PAST ver. 2.17c (Hammer et al., 2001) . 237
238

Results and Discussion 239
Sequencing and bacterial identification 240
Sequencing the bacterial communities of 180 sterile and reproductive termite caste gut samples 241 resulted in 3 047 202 quality-filtered sequences and 12 610 bacterial OTUs (Supplementary Tables 242 S1-S3). Rarefaction analyses indicated that sequence coverage was sufficient to capture community 243 diversity, with the reproductive castes having a ten-fold lower diversity than sterile castes 244 (Supplementary Figure S1 ). Family-level classification success using the DictDb 3.0 database 245 (Mikaelyan et al., 2015b) was 74% and 84% in sterile and reproductive castes, respectively 246
( Supplementary Tables S2-S3 ). mothur produced 9 314 OTUs across worker and soldier guts from 247 The vast majority of the identified taxa were evenly distributed across minor workers, major 255 workers, and soldiers in M. natalensis and the two Odontotermes species (centres of the ternary 256 plots, Figure 1A ). This included some of the most abundant bacterial OTUs in the genera Alistipes 257
and Treponema, which is likely driven by within-colony transfers through mouth-to-mouth 258 (stomodeal) or anus-to-mouth (proctodeal) trophallaxis (Hongoh 2010, Nalepa 2015). However, 259 some bacteria (Figures 1, 2 and Table S12) were differentially-abundant across castes, evident from 260 both ternary plots and subsequent DESeq2 analyses (Table S12 ). The latter showed that the 261 majority of OTUs that varied between castes produced significant contrasts in at least one pairwise 262 DESeq2 comparison (Figure 1 , Supplementary Table S12 ). We cannot rule out that more may be 263 differentially abundant, as our cut-off of 70% cumulative abundance would select against relatively 264 rare OTUs that could differ in abundance between castes. The significant differences were almost 265 exclusively driven by worker versus soldier comparisons and only rarely driven by differences 266 between minors and majors (Table S12 ). Arcobacter and Enterobacter 4 were the only two OTUs 267 that were common in workers of both termite genera (according to Figure 1B ) and similarly the 268 DESeq2 analysis showed that the vast majority of the differentially distributed OTUs were present 269 only in M. natalensis or Odontotermes spp. ( Figure 1B ; Table S12 ). These results did not change in 270 any appreciable way in the ASV output table from the dada2 analysis ( Supplementary Table S12 ). 271
Phylogenetic analyses of these OTUs revealed that although they were not identical between termite 272 genera, many were sister taxa, indicating potential diversification from common ancestors 273 (Supplementary Figure S2 ). If so, this would imply that a distinct set of OTUs may show 274 differential presence and represent ancient specialised roles within the guts of respective termite (Table S12) . 292 293 When using the two separate analyses (reproductive and sterile castes) the differences in 294 communities were substantial enough to allow for distinct and significant separation of termite 295 worker and soldier gut communities in ordination plots ( Figure 2A ; AMOVA p < 0.001; 296 Supplementary Table S6 ), but the separate analyses did not allow for a comparison of reproductives 297 with sterile castes directly. Within the sterile castes, the most distinct separations were between 298 workers and soldiers, while separation within morphologically different castes (i.e., minor and 299 major workers and minor and major soldiers, respectively) were less distinct ( Figure 2A ; Table  300 S12). The effect of caste became even clearer when we used the merged datasets in a combined 301 analysis and examined caste, genus, and site to show that the first two contribute the most to the 302 observed differences, and where partitioning of the beta-diversity showed that species turnover 303 (species replacement) was the main reason for these differences ( Supplementary Table S11 ). This is 304 consistent with recent work elucidating how the evolutionary histories of gut microbes associated 305 with termites are shaped by mixed-mode transmission and acquisitions from environments 306 The significant contrasts for beta diversity did not change in any appreciable way when we used the 312 merged dataset from the dada2 analysis. ( Supplementary Table S7 ), specifically Lachnospiraceae, Bacteroidetes, Alistipes III, and members 324 of the Spirochaetaceae, including Treponema ( Supplementary Table S12 ). The Lachnospiraceae 325 OTU133 (Firmicutes) was more abundant and appeared more uniformly represented in M. 326 natalensis soldiers compared to workers ( Figure 2G, H) , consistent with the sequencing analysis 327 ( Figure 1B , Supplementary Table S2 , Table S12 ). This corroborates previous work showing that 328
Lachnospiraceae are more abundant in Odontotermes formosanus young termites feeding mainly on 329 fungal nodules or degrading non-cellulosic plant oligosaccharides (Li et al., 2016) and contributing 330 to lignin depolymerisation (Li et al., 2017) . Similarly, Alistipes III (OTU8, Figure 1B ; 331 Supplementary Table S2 ) was significantly more abundant in Odontotermes soldier guts compared 332 to worker guts ( Figure 2I, J) , consistent with the sequencing results ( Figure 1B, Supplementary  333 Table S12). The remaining OTUs showed similar patterns, with morphologically different 334 ( Supplementary Table S7 ; Supplementary Figure S3 ). This suggests that even though the 336
Bacteroidetes phylum is abundant in all sterile caste guts, dietary variation between castes causes 337
representative OTUs within the phylum to be differently abundant between worker and soldier guts, 338 which in turn serves the division of labour by specializing different caste microbiotas to different 339 catabolic functions. The probe targeting Spirochaetaceae was also more abundant in Odontotermes 340 workers than soldiers ( Supplementary Table S7 ; Supplementary Figure S3 ), further supporting the 341 presence of caste-enriched bacterial communities. No bacterial signal was detected with the 342 negative probes (Supplementary Figure S4) . 343 344
Worker and soldier guts differ in their enzymatic capacities 345
Bacterial composition variations between sterile caste communities were also apparent in their 346 enzymatic capacities ( Figure 2B ). Worker and soldier guts from both M. natalensis and 347
Odontotermes exhibited significant differences in their ability to degrade 14 different substrates 348 ( Figure 2B , Supplementary Table S4 ). M. natalensis workers showed significant enzymatic 349 differences compared to their generic soldiers and Odontotermes sterile castes ( Figure 2B , 350 PERMANOVA p < 0.03), with the highest capacities to degrade all the substrates present in all 351 castes ( Supplementary Table S4 ). While Odontotermes worker guts showed significantly lower 352 enzymatic capacities compared to M. natalensis worker guts ( Figure 2B , PERMANOVA p < 0.02; 353 Supplementary Table S4 ), Odontotermes soldiers did not show any significant differences 354 compared to other castes ( Figure 2B , PERMANOVA, p > 0.6; Supplementary Table S4 ). In both 355 termite genera, worker guts showed a greater capacity to degrade a wider range of substrates and to 356 degrade plant-derived substrates, e.g., HE-cellulose, xyloglucan, xylan and arabinoxylan, than 357 soldiers ( Supplementary Table S4 ), consistent with the more diverse diet of workers and supporting 358 associations between the functional and compositional differences in caste guts. 359 360 Queen and king gut microbiotas differ markedly from those of sterile termites 361
Previous compositional analyses of a single M. natalensis queen indicated that her gut was 362 dominated by a single OTU, thought to be a Bacillus sp., determined by a low-resolution database 363 for taxonomic binning (Poulsen et al., 2014) . Expanding on this finding, we found that one to three 364 bacterial lineages dominate gut communities in each of twenty-three fungus-growing termite royal 365 pairs (13 queens and 10 kings) and a queen from the grass-feeding termite species T. geminatus, 366 resulting in ten bacterial lineages accounting for >80% of all sequences generated from royal pair 367 libraries (Figure 3 , Supplementary Table S3 ). Lactobacillales lineages dominated M. natalensis, 368
Macrotermes sp., two Ancistrotermes species, and P. militaris, while the Desulfovibrionaceae gut 369 cluster 1 OTU was the most abundant in a M. bellicosus queen gut (82.9% relative abundance) and 370
Sebaldella dominated an Odontotermes sp. queen and king (53.6% and 82% relative abundance, 371 respectively (Figure 3 , Supplementary Table S3 ). Consistently, the dominant bacterial lineages in 372 reproductives were absent or only present in low abundances in sterile caste guts (Supplementary 373
Tables S2-S3), and OTUs that generally dominated sterile guts were absent or only present in trace 374 amounts in royal pairs. The only exception to this was in queens of M. natalensis Mn118, Mn133, 375
and Mn134 with more diverse and uniform bacterial communities (Figure 3) . 376
377
With few bacterial genera dominating queen and king guts, the communities were greatly skewed, 378 in contrast to those of sterile castes (Figure 4) , so that alpha-diversity of royal pair bacterial 379
communities was significantly lower than in workers and soldiers (Figure 4 , Supplementary Table  380 S5). Neither sampling site nor termite genus significantly affected Shannon or evenness indices, 381 while caste was highly significant for both mothur or dada2 analyses for both the separate and the 382 merged datasets ( Supplementary Table S5 ). This finding is in accordance with the highly significant 383 contrasts in the comparison of beta-diversity of sterile and reproductive castes (Table S11) , 384
suggesting that caste is the most important factor shaping termite gut bacterial communities. There 385 was also a strong association between community structure and termite host species, indicating that 386 conspecific royal pairs more commonly associate with the same or closely related bacteria ( Figure  387 3; Supplementary Figure S5 ; Supplementary Table S6 ). bacterial OTUs within a caste that only explain >40% of the microbial community variations 717 between castes in a termite genus. The scale represents the proportion of an OTU in a caste, i.e., 718 100 means it is present in all individuals of a given caste. OTUs significantly different in at least 719 one pairwise DESeq2 comparison are indicated with an asterisk (for the full results, see Table S12 ). OTUs, which totals >94% of all OTUs detected. Wolbachia dominated the grass-feeding T. 743 geminatus queen gut only ( Supplementary Table S3 ) driving this queen to be compositionally 744 distinct from fungus-growing termite queen and king gut microbiotas (Supplementary Figure S5) . 745
The ML tree at the left represents the phylogenetic relationships between the bacteria and the Whitney-Wilcoxon tests in R, Supplementary Table S5 ). Supplementary Table S10 . Results of linear mixed models, used to assess the main factors that 68 affected OTU Shannon diversity and evenness. Two models were run using the R package vegan, 69 with the colony used as a random effect and the Shannon or evenness indices as response variables.
70
Main effects included in the models were the geographical location (site), the caste and the 71 phylogeny. For the multiple comparisons we performed Tukey post-hoc tests using the lsmeans 72
